C omplaints about the overwhelming plethora of scientific publications have been voiced for many decades. An eloquent image of the problem appeared as early as 1939, showing scientists covering the world with their words (figure 1). Today the scientific community is blanketed in a blizzard of publications. For instance, using just one search engine to find papers on salt marshes-a topic that might be considered reasonably narrow-yielded 4064 publications in total, and 1520 appearing in the last 10 years. We are facing a torrent of information of unprecedented dimensions.
One response to the avalanche of papers being made available has been the development of a number of bibliographic search engines. These software-based devices have become essential tools in scientists' often inadequate efforts both to keep up with the literature in their specialties and to review what has been published in the past so as to prevent repeating studies. In our own use of these engines, however, we have often noticed that references we in fact had in our reprint collections failed to appear in the lists furnished by search engines. The essential tool that researchers all now use seemed to have some degree of ineffectiveness.
Studies of the citation of references available in search engines suggest that journal papers and book chapters dominate search engine results (Goodrum et al. 2001) , that no one search engine provides sufficient coverage of the published literature (Lawrence and Giles 1998) , and that online availability increases citation frequency (Lawrence 2001) . To our knowledge, the fundamental issue, that of the quantitative effectiveness of search engines in finding published works, has not been investigated. Here we inquire as to the degree of effectiveness of popular search engines in finding published papers. We tested a number of search engines by comparing the lists provided by searches using the search engines with the complete publication lists of three reasonably active researchers. The three authors for whose work we searched (Ramón Margalef, Ivan Valiela, and Oscar Iribarne) studied a variety of aspects of the ecology of aquatic environments, and we used search engines appropriate for these topics. Our conclusions therefore are restricted to these subjects, but our findings may be quite general. We encourage readers to repeat our exercise with their own lists of publications; we believe their findings will corroborate ours.
The choice of search engines was determined by the subjects and by their availability in the Marine Biological Laboratory-Woods Hole Oceanographic Institution Library. Searches were conducted by author name. The choice of authors was dictated largely by the fact that we had their complete lists of publications at hand. Comparison of these three lists allowed us to assess the effectiveness of recovery of titles from authors at different stages of their careers, and from work spanning many decades (1940 onward; figure 2).
We found that references earlier than 1970 were generally not available in any of the search engines that we used (figure 2) . This is reasonable enough, since higher priority has to be given to recent work in the entry of information. It is curious, however, that some pre-1970 entries do appear in some search engines, even though the text describing the software gives later start dates.
The percentage of papers found increased variably across the decades (figure 3). It is of some reassurance that the effectiveness of the search engines generally increased toward the end of the 20th century, but two features in our findings are surprising.
First, the recovery of publications was highly variable: most post-1970 points fell between 0 and 100 percent (figure 3). On average, considering papers by the three authors for post-1970 data, only 55 percent of the papers were found (table 1). Even for Iribarne-the youngest of the authors, whose publications appeared in recent years-only 78 percent of papers were found (table 1) . For all years, we found that only 36 percent published by the three authors were found ( published in Spanish and Catalan journals, which were not effectively indexed. Nonetheless, of the 53 of Margalef's 409 publications that appeared in international journals, only 13 were found (25 percent). This is quite low. Even considering publications by Valiela and Iribarne, who published in international journals, only 69 percent and 78 percent of the papers, respectively, were found by the search engines. These recovery rates for recent authors seem too low to be acceptable. Incidentally, the effectiveness of the different search engines was similar (table 1); for simplicity in figure 3, we reported the publications found using all the search engines.
Second, it was also surprising that the effectiveness of the search engines was so variable from year to year. For instance, only 50 to 60 percent of Iribarne's papers dated 2003 or 2004 were found, while 100 percent of those dated from 1999 to 2002 were found (figure 3). There was therefore a substantial inconsistency in year-to-year records; it is unclear how this lack of consistency arises. Furthermore, there were very few years in which 100 percent of the papers were found (table 2) . Fortunately, for recent authors, such as Iribarne, there were no years in which none of the published papers were found (table 2).
One possible explanation for the variation in search effectiveness might be that some journals (perhaps those with higher impact ranking) are better indexed by search engine staff than other journals. To examine that possibility, we compiled a list of the search engine effectiveness, and the ISI journal impact factor (Popescu 2002) , for the journals in which our three authors published papers after 1970 (table 3) .
There was no evident relationship between search effectiveness and journal impact factor (figure 4a). This was true even for journals in which the authors published five or more papers (which may have provided more reliable estimates of search efficiencies) (figure 4a). We note in passing that of two papers that appeared in the same year in the journal with the highest impact factor (27.9; table 3) (this journal was not included in figure 4), only one of the two was found by the search engines. In general, however, indexed journals had higher percentages of recovery than unindexed journals (Z = 7.265, P < 0.001). The recovery of papers that appeared in unindexed journals was low (figure 4b, inset). These results could account Given the number of papers being published, researchers must use search engines, and will increasingly do so in the future. The results just described, however, show that this essential tool is far from perfect. The designers of search engines need to improve their current data gathering considerably, with more balanced coverage of different journals, considerably more even coverage from one year to the next, and expanded coverage of past publications. Such improvements are critical, for many reasons beyond the need for scientists to keep up with advances in their specialties.
Citation searches using online engines are frequently used-properly or not-as measures of academic success, to assign positions, assess progress, decide on promotions, and inform other important life decisions. The journals that carry researchers' published work are also judged by their impact factor, and the output of departments and whole institutions is assessed by means of citation indexes derived from search engine surveys. It is clear that the impact of search engines has profound dimensions in personal and institutional decisions.
As libraries face the challenges of increased subscription costs and diminishing physical space, the scientific community will depend more and more on electronic means of access to its literature. As research funds become increasingly scarcer, it is also imperative to avoid "rediscovering wheels," even as the number of publications explodes. For these and more reasons, we will need improved effectiveness of search engines, which will be scientists' only way to keep contact with the past history of research and the widening of new developments in our field of study.
There is no doubt that scientists' use of software search engines will grow. While appreciating the essential function of these engines, it seems salutary to be aware of the imperfection of the data records they produce, and take measures to supplement their use with more traditional methods for bibliographic searches.
